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We study the effects that ripples induce on the electrical and magnetic properties of graphene. The
variation of the interatomic distance created by the ripples translates in a modulation of the hopping
parameter between carbon atoms. A tight binding Hamiltonian including a Hubbard interaction
term is solved self consistently for ripples with different amplitudes and periods. We find that, for
values of the Hubbard interaction U above a critical value UC , the system displays a superposition
of local ferromagnetic and antiferromagnetic ordered states. Nonetheless the global ferromagnetic
order parameter is zero. The UC depends only on the product of the period and hopping amplitude
modulation. When the Hubbard interaction is close to the critical value of the antiferromagnetic
transition in pristine graphene, the antiferromagnetic order parameter becomes much larger than
the ferromagnetic one, being the ground state similar to that of flat graphene.
I. INTRODUCTION
Graphene is a two-dimensional material with many
possibilities in technological applications[1, 2], but
also it presents many exotic and unexpected physical
peculiarities[3, 4]. One of the more remarkable new phys-
ical properties of graphene is the strain-induced pseudo
magnetic gauge fields[5, 6]. In graphene uniform strain,
apart from a renormalization of the Dirac velocity, gen-
erates a constant gauge vector potential that shift the
position in reciprocal space of the Dirac cones and can
be gauged away. On the contrary non-uniform strain
generates position dependent vector potential that in-
duces pseudo-magnetic fields which can be experimen-
tally tested. Non-uniform strain occurs in the intrinsic
ripples that appear in free standing graphene[7–10] and
also when the graphene sheet is bonded to a substrate[11–
16]. Effective magnetic fields constant on large areas can
be obtained by strain engineering[17–22]. The effective
fields generated by non uniform strain can interfere with
externally applied magnetic fields giving rise to new phys-
ical effects[23–25]. Also the existence of pseudo magnetic
fields could produce anomalous effects in the electronic
quantum transport[26].
The origin of the appearance of the gauge fields is the
lineal dispersion of the bands near the Dirac points[27]
and gauge fields have been predicted to occur in a va-
riety of physical systems with linear dispersion as topo-
logical insulators[28, 29], optical lattices[30], modulated
graphene superlattice[31], molecular graphene[32] and
other two-dimensional semimetals[33].
Previous work has shown that the application of an
uniform uniaxial strain to graphene reduces the value of
the critical coupling constant for exchange instability to-
wards a ferromagnetic (FM) phase[34, 35]. Also, the crit-
ical value of the on-site Hubbard coupling for an antifer-
romagnetic (AFM) instability was found to be reduced
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with respect the case of pristine graphene[36–38]. In the
case of non uniform strain the appearance of pseudo mag-
netic fields induces a peak in the density of states at the
Fermi energy and the instability of the system against
magnetic ordering. In this work we study, by solving
self-consistently the Hubbard model, the electrical and
magnetic properties of rippled graphene. We model the
graphene ripple, a lattice deformation, by a sinusoidal
modulation of the hopping parameter of period L and
amplitude δt.
The main results of our work are summarized in Fig.1
and Fig.2. In rippled graphene, for non-interacting elec-
trons, eight degenerated pseudo Landau levels appear
at the Fermi energy, see Fig.1(a), from which only half
will be occupied. For values of the Hubbard interaction
greater than a critical UC , the high density of states at
the Fermi energy makes the system magnetically unsta-
ble and the minimization of the exchange energy opens
an energy gap and selects the four occupied pseudo Lan-
dau levels. We obtain numerically that UC depends only
on the product of the ripple amplitude by its period δtL,
as shown in Fig.2. For small values of this parameter UC
coincides practically with the critical value of the param-
agnetic antiferromagnetic transition in pristine graphene,
UAFC . For larger values of the product δtL the value of
UC decreases until it reaches zero.
For values of U slightly higher than UC the system
presents a local ferromagnetic order that correlates its
polarization with the orientation of the pseudo magnetic
field, Fig.1(b), in such a way that the total magnetization
is zero. On top of the local FM order there is an anti-
ferromagnetic order with a small order parameter. For
larger values of U the pseudo Landau levels are destroyed
and the antiferromagnetic order parameter increases be-
ing much larger than the local FM order parameters, as
schematically shown in Fig.1(c).
Our results are consistent with the obtained in refer-
ence [21], where a strained graphene flake is studied with
an almost uniform axial pseudo magnetic field in the bulk
that is compensated by an opposite oriented pseudo mag-
netic field at the edge. In this geometry, on top of a global
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FIG. 1. (Color online) (a) Pseudo Landau levels appearing
in rippled graphene. In absence of interactions, U = 0, there
are eight zero energy degenerated pseudo Landau levels cor-
responding to states located in regions with positive, B+ef , or
negative, B−ef effective magnetic fields, with spin projection ↑
or ↓, and in Dirac points K or K′. In regions with B+(−)ef the
wave functions have only amplitude in sublattice A(B). A
moderate interaction U opens an exchange energy gap, favor-
ing a local FM order in regions with B+ef and opposite polar-
ized FM order in regions with B−ef . In (b) we show schemati-
cally the real space magnetic order for moderate U . For larger
values of the Hubbard interaction (c), rippled graphene gets
a Néel order with a very weak FM modulation.
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FIG. 2. (Color online) Critical Hubbard interaction for mag-
netic instabilities in rippled graphene, as function of the di-
mensionless parameter δ¯t = δt~vFG . Dots with different colors
correspond to different values of the period L. In the inset we
plot UC as function of δt and for different periods L.
AFM order, the bulk and the edge of the flake have an
effective but opposite oriented magnetization[21].
The paper is organized as follows. In the next section
we introduce the ripple geometry and the tight-binding
and Dirac like Hamiltonians describing the electronic
properties of the system. Also we refresh the concept
of gauge magnetic field. In section III, we obtain, by
perturbation theory, the low energy states of graphene
with a sinusoidal modulation of the hopping and iden-
tify the eight zero energy Landau levels that appear in
rippled graphene. Section IV is devoted to the study of
the effect of the electron-electron interaction on the elec-
tronic properties. We also present self-consistent results
obtained from the Hubbard Hamiltonian. Finally, the
results are summarized in section V.
II. GEOMETRY AND HAMILTONIAN
Geometry. In graphene the carbon atoms crystallize
in a two-dimensional triangular lattice with a basis con-
stituted by two equivalent atoms A and B. The lattice
is defined, see Fig.3, by the vectors a = a2 (
√
3, 1) and
b = a2 (
√
3,−1), and the atoms of the basis are located at
the origen, (0, 0) and at δ = (a/
√
3, 0), here a = 2.46Åis
the lattice parameter. As discussed in the introduction,
the ultrathin nature of graphene makes it flexible against
out-of-plane deformations of the lattice. Here, we con-
sider a one-dimensional periodic graphene ripple, which
modulates the height (z-coordinate) of the carbon atoms
according to the expression
h(x) = h0 sin
pi
L
x (1)
where r = (x, y) is the position of the carbon atoms, h0 is
the height amplitude and the period is L/2, as schemat-
ically shown in Fig.3.
Tight-Binding Hamiltonian. The electronic properties
of graphene are well described by a nearest neighbor
tight-binding Hamiltonian[3, 4] of the form
H0 = −
∑
<i,j>,σ
(
ti,jc
+
i,σ,Acj,σ,B ,+h.c
)
, (2)
where c+i,σ,α creates an electron at lattice site i with spin
σ and sublattice α = A,B.
In pristine graphene the distance between first neigh-
bor carbon atoms is the same along the entire crystal
and the hopping between atoms is constant ti,j = t0,
with t0 = 2.8eV . In rippled graphene the corrugation
modifies the distance between carbon atoms. When the
period of the ripple is much larger than a, the distance
between two first neighbor carbon atoms i and j located
at ri and rj is modified to
di,j ≈ d0(1 + pi
2
2
h20
L2
(xj − xi)2
d20
cos2
pi
L
xi) (3)
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FIG. 3. (Color online) (a) Graphene crystal structure, a and
b indicated the lattice vectors. δ is the vector connecting the
two atoms, A and B, in the unit cell. (b) Schematic view of
a graphene ripple of period 2L and height h0.
being d0 = a/
√
3 the equilibrium distance between car-
bon atoms.
The hopping amplitude between nearest neighbor
atoms scales with a power law with the length of the
bond between atomic centers[39–41],
ti,j = t0
(
d0
di,j
)β
≈ t0
(
1− βpi
2
2
h20
L2
(xj − xi)2
d20
cos2
pi
L
xi
)
(4)
being β ∼ 2 − 3. Therefore, a ripple with period L/2
induces a modulation in the hopping amplitude with pe-
riod L. The modulation of the hopping is proportional
to ∼ 10 h20L2 , that for some experimental systems can be as
larger as 0.1[9].
Dirac Hamiltonian. The low energy, long distance elec-
tronic excitations of graphene occur near the celebrated
Dirac points, K= 2pia (
1√
3
, 13 ) and K
′= 2pia (
1√
3
,− 13 ). Near
these points, the band structure of graphene is very well
described by Dirac-like Hamiltonians,
HD = ~vF (is∂yτx − iτy∂x) (5)
where vF =
√
3
2 t0a, and τ=(τx, τy, τz) are the Pauli ma-
trices acting on a spinor that define the amplitude of the
wave function on the sublattices A and B of graphene
and s=+1 and s=−1 indicates the Dirac cone K and K′
respectively. In presence of a hopping modulation of the
form of equation 4, the modified Dirac Hamiltonians take
the form [8],
HD = ~v¯F (x) (is∂yτx − iτy∂x) + (t‖(x)− t⊥(x))τx (6)
where t‖(x) and t⊥(x) are the hopping parameters corre-
sponding to the horizontal and oblique bonds, see Fig.3
and v¯F (x) =
√
3
2 at⊥(x). We asume that the period of the
ripple is much larger than the graphene lattice parameter
and electronic states coming from different Dirac cones
do not mix. The modulation of the hopping has two
effects on the electronic properties of graphene, it mod-
ulates spatially the Fermi velocity and creates a position
dependent gauge magnetic field[8, 27, 42–44].
Magnetic gauge field. In this work we are interested
on the effect of the gauge field on the graphene elec-
tronic properties, therefore in order to avoid effects re-
lated with the modulation of the Fermi velocity, we only
consider modification in the horizontal hoping t‖ and we
take t⊥=t0 and the Dirac Hamiltonian takes the form[45]
HD(r) = ~vF (is∂yτx − iτy∂x) + δt sinGxτx (7)
with G = 2pi/L and δt = βpi
2
4
h20
L2 t0.
With this assumption the modulation of the hop-
ping results in the appearance of the vector potential
Ay=s cδtevF sinGx. The vector potential has opposite sign
in different Dirac points, so that time reversal symme-
try is preserved. For a given Dirac cone, the effec-
tive vector potential oscillates in space forming alter-
nating regions of positive and negative pseudo magnetic
fields, Bz=s cδtevF G cosGx. The magnetic length corre-
sponding to the maximum of the pseudo magnetic field is
` =
√
~vF
δtG
. A wave function in the n = 0 pseudo Landau
level should be localized in the region where the pseudo
magnetic field has a defined sign, i.e. ` < L/2. That
implies that, for observing physical effects related with
the pseudo Landau levels quantization, the parameters
describing the ripple should satisfy,
2~vF
piLδt
< 1 or equivalently
4
√
3
βpi3
La
h20
< 1 . (8)
For values δt ∼ 0.05t0−0.1t0 and a period of the hopping
modulation L = 200a, the effective magnetic length takes
values in the interval 40a-56a, smaller than L/2, that
correspond to effective magnetic fields in the range of
27T-38T.
Symmetry Considerations. We are interested in ob-
taining the energy spectrum of the system as function
of the momentum k, that in the following we define
with respect to the Dirac points. We begin by con-
sidering some symmetries of graphene in presence of a
ripple. We have already mentioned that because the
gauge magnetic fields have opposite sign on opposite
Dirac points, time reversal symmetry is preserved. On
the other hand the Hamiltonian does not depend on the
coordinate y, and therefore the momentum ky is a good
quantum number and the eigenfunction can be written as
ϕky (r) = ψky (x)e
ikyy, where ψky (x) is an eigenfunction of
the effective HamiltonianHD(x, ky) = e−ikyyHD(r)eikyy.
Besides, the low energy Dirac Hamiltonian, Eq.7 satis-
fies the relation τzHD(x)τz = −HD(x), and this implies
that for any eigenstate with momentum k and energy
E(k) there is a state with opposite energy and the same
momentum. Finally, the Hamiltonian has the property
4HD(−ky, x+L/2) = τzH∗D(ky, x)τz that implies that for
any zero energy state appearing at a particular ky, there
exits another zero mode at momentum −ky.
III. PERTURBATION THEORY.
The low energy Hamiltonian, Eq.7, when ky=0
presents zero energy states with the explicit form,
ψ1ky=0 = (e
δ¯t cosGx, 0)† and ψ2ky=0 = (0, e
−δ¯t cosGx)† that
for small values of the magnetic length ` take the form of
gaussians centered at x=nL and x=L/2+nL respectively
and have amplitude just in one of the graphene sublat-
tices, here n is an integer and δ¯t= δt~vFG . For finite values
of ky it is not possible to obtain analytical solutions, but
we expect the wavefunctions ψ1ky and ψ
2
ky
to be centered
at x=sky`2 and x=L/2-sky`2 respectively. Therefore for
small values of ky we choose the basis
ψ1ky =
1√
I0(2δ¯t)
(
eδ¯ cosG(x−sky`
2)
0
)
ψ2ky =
1√
I0(2δ¯t)
(
0
e−δ¯ cosG(x+sky`
2)
)
(9)
where I0 is the modified Bessel function of the first kind
of zero-order. For small wave vector the wavefunctions
ψ1 and ψ2 are similar to the zero energy real magnetic
field Landau levels [46]. However the structure of the
spinors is different. For the valley K the wavefunction
ψ1ky has only amplitude in sublattice A and it is centered
at positions near x = nL, where the pseudo magnetic
field is positive, B+ef , on the contrary ψ
2
ky
has only sup-
port in sublattice B and is located in the regions near
x=nL + L/2 where the effective magnetic field is nega-
tive, B−ef . For the Dirac cone K
′, the spatial locations of
the wavefunctions ψ1ky and ψ
2
ky
are reversed with respect
theK valley, so that time reversal symmetry is preserved.
The Hamiltonian of Eq.7 projected in the basis given
by Eq.9 takes the form,
H¯ =
(
0 t(ky)
t(ky) 0
)
(10)
with
t(ky) =
−~vF ky I¯0 + δtI¯1
(
1− cos(Gky`2)
)
sgn(ky)
I0(2δ¯t)
(11)
where I¯n = In(δ¯t sin(Gky`2)) being In the modified
Bessel function of the first kind of order n. At small
momenta ky the dispersion is lineal with renormalized
velocity
v¯F = vF /I0(2δ¯t) , (12)
which, although finite, decreases exponentially when in-
creasing L or δt. As a result of that, the band structure
obtained in numerical calculations [8, 47] shows appar-
ent dispersionless degenerate pseudo Landau levels. For
larger values of ky the overlap between the wavefunctions
ψ1ky and ψ
2
ky
increases and the pseudo Landau levels ac-
quire a dispersion. Therefore, at zero energy, there are
eight almost degenerated pseudo Landau levels, Fig.1,
denoted by |A,B+ef , σ >, |B,B−ef , σ >, |A,B+ef , σ >′ and
|B,B−ef , σ >′, in such a way that in regions with B+(−)ef
the states have amplitude only in sublattice A(B). Here
σ is the projection of the electron spin.
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FIG. 4. (Color online) (a)Band structure near a Dirac point
for graphene in presence of a sinusoidal modulation of the
hoping with period L=246a and δt running from 0 to 0.1t.
(b) same as (a) for L = 346a and δt=0.2t. Continuous lines
correspond to tight binding results whereas dashed lines are
the dispersion obtained using Eq.10. Inset in (b) shows, as
function of the dimensionless parameter δ¯t, the renormalized
Fermi velocity at Dirac points for L = 178a (triangles) and
L = 115a (squares) and values of δt ranging from zero to
δt = 0.2t. The dashed line corresponds to expression Eq.12.
Tight Binding results. In order to check the results ob-
tained with the modified Dirac equations, we have per-
formed microscopic tight binding calculations. We have
considered a sinusoidal modulation of the hopping in a
supercell along the x-direction with the geometry pre-
sented in Fig.3. In this geometry the Brillouin zone of
the supercell is rectangular; in the y-direction goes form
0 to 2pia and in the x direction from 0 to
2pi
L . For large
values of L, the eigenvalues do not depend on kx and we
just consider kx = 0. In this geometry the original Dirac
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FIG. 5. (Color online) Square of the wavefunctions obtained
from the tight binding calculation for wavevectors near the
K′(a-b) and K(c-d) points. The momentum ky is measured
with respect the Dirac points. For each ky we consider the
two states, 1 and 2 closest to zero energy. Panels (a) and (c)
correspond to the amplitude on sublattice A whereas panels
(b) and(d) correspond to amplitude on sublattice B. The
results are obtained in the tight-binding approximation with
a sinusoidal modulation of the hopping of period L=346a and
amplitude δt=0.2t.
points K′ and K are folded at the wavevectors ( 2pi3a , 0)
and ( 4pi3a , 0) respectively. As pointed out above, in order
to avoid effects related with the spatial dependence of
the Dirac velocity, we only modulate the hopping in the
horizontal bonds. In Fig.4(a) we plot the lowest energy
conduction band and the highest energy valence band
of rippled graphene for a period modulation L = 346a
and different values of the amplitude modulation δt. As
predicted by the Dirac equation the linear dispersion be-
comes flatter as δt increases and, for moderate values
of the modulation, the dispersion reminds that of Lan-
dau levels. In the inset of Fig.4(b) we plot the slope of
the dispersion at ky → 0 as function of the dimension-
less parameter 2δ¯t, for two different values of the period,
L = 178a and L = 115a and different values of δt. In
agreement with the continuous solution, we obtain that
the velocity only depends on the the combination δtL
and is determined with a high precision by the renor-
malized velocity given in Eq.12. In Fig.4(b) we compare
the band structure for a hopping modulation of period
L=346a and amplitude δt=0.2t, as obtained from the
tight-binding approximation and from the approximated
solution of the Dirac equation, Eq.10. The perturbation
solution describes qualitatively the almost dispersionless
states that occur near the Dirac points for small wavevec-
tors, where the overlap between the wavefunctions from
Eq.9 is practically null and how, for large enough val-
ues of ky, the basis wave functions overlap and the cou-
pling between states induces a bonding-antibonding split-
ting. The trial wavefunctions given in Eq.9, for small
wave vectors, qualitatively describe the solutions of the
tight-binding Hamiltonian. In Fig.5 (a)-(b) we plot, for
wavevectors near K′ the square of the wavefunction on
sublattice A and B respectively. For small values of ky
the almost degenerated gaussian-like wave functions are
located at x=sky`2 and x=L/2− sky`2 and have ampli-
tude only in sublattices A and B respectively. As the
wave vector ky increases the coupling between the wave-
functions increases, the energes of the states split and the
states get amplitude on both sublattices. Fig.5 (c)-(d)
represent the same as (a)-(b) respectively, for wavevec-
tors near K.
IV. ELECTRON-ELECTRON INTERACTION.
In this section we address the effects of electron-
electron interactions on the zero energy pseudo Landau
levels formed in graphene by the modulation of the hop-
ping terms. For large values of the product Lδt, the
high density of states at the Fermi energy implies in-
stabilities of the system again broken symmetry states
that open gaps at the Fermi energy. In the Dirac ap-
proximation of graphene, the valley and spin variables
are equivalent isospin indices and ignoring small symme-
try breaking terms due to lattice effects[48–50] and ne-
glecting the difference between the inter and intra valley
electro-electron interaction, the Hamiltonian is SU(4) in-
variant. Therefore, in the framework of the quantum Hall
ferromagnetism[51–53], we expect the ground state to
break spontaneously the SU(4) symmetry putting many
electrons into the same pseudospin state and minimizing
their exchange energy to the lowest value satisfying the
Pauli exclusion principle[54–61] and opening an energy
gap in the charge excitations.
These quantum Hall pseudoferromagnetic ground
states are degenerated and broken symmetry terms, lat-
tice effects or Landau level mixing can lift the degen-
eracy favoring some particular isospin order. In the
presence of a real magnetic field, mean field calcula-
tions using a tight-binding Hamiltonian with a Hub-
bard term obtain a real spin antiferromagnetic ground
state[60] and, calculations using the Dirac equation in-
cluding isospin anisotropy[62] predict as well an antifer-
romagnetic order[63].
We study here the electronic and magnetic proper-
ties of rippled graphene by obtaining self-consistently the
6tight-binding Hamiltonian describing a sinusoidal modu-
lation of the hopping in the x-direction (see Fig.3) with
an on-site Hubbard interaction term of the form,
HU = U
∑
i,α
ni,↑,α ni,↓,α (13)
where ni,σ,α=c+i,σ,αci,σ,α is the fermionic number operator
for lattice site i, spin projection σ =↑, ↓ and sublattice
α. The usual mean field decomposition of the on-site
interaction leads to an effective one-particle interaction
term,
HU =U
∑
i,α
(〈ni,↑,α〉ni,↓,α + 〈ni,↓,α〉ni,↑,α − 〈ni,↑,α〉〈ni,↓,α〉)
(14)
〈ni,σ,α〉 denotes the average occupation operators, that
are obtained by solving self consistently the tight-binding
Hamiltonian and the mean field Hubbard term. The na-
ture of the self-consistent ground state is characterized
by the following order parameters,
Mi = 〈ni,↑,A〉+ 〈ni,↑,B〉 − 〈ni,↓,A〉 − 〈ni,↓,B〉
mi = 〈ni,↑,A〉 − 〈ni,↑,B〉 − 〈ni,↓,A〉+ 〈ni,↓,B〉 , (15)
which indicate the local ferromagnetic and antiferromag-
netic order respectively.
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〈ni,↓,A〉=〈ni,↑,B〉 + 〈ni,↓,B〉=1. For a given ripple char-
acterized by a period L and a hopping modulation δt,
there is a critical value of the Hubbard interaction UC for
which the system undergoes a second order phase transi-
tion to a phase with both local FM and AFM order. In
the inset of Fig.2 we plot the value of UC for different
values of L and δt. Interestingly, all the values of UC
seem to collapse in a unique curve, see Fig.2, when plot-
ted with respect the dimensionless parameter δ¯t = δt~vFG .
For small δ¯t, the critical Hubbard parameter practically
coincides with the value UAFC =2.23t0[37, 38] for which
pristine graphene undergoes an antiferromagnetic transi-
tion. Note however that, in the case of rippled graphene,
both FM and AFM local order parameters become fi-
nite at the phase transition. For larger values of δ¯t the
pseudo Landau levels become better defined, the density
of states at the Fermi energy increases and therefore UC
drops and eventually, for large enough δ¯t, becomes zero.
In our numerical calculations we obtain that, for any
value of the parameters δt, L, and U , the total magne-
tization of the rippled graphene is zero, in addition and
because graphene is a triangular bipartite lattice, the two
sublattices have opposite magnetic polarization.
Fig.6 and Fig.7 show the magnetic local order param-
eters and band structure respectively, for a ripple with
δt=0.1t0, L=260a and different values of the Hubbard
interaction. For this ripple UC ∼ 0.1t0 so that for the
values of U plotted in Fig.6 there is always magnetic or-
der. The local FM order appears in the spatial regions
x ∼ nL and x ∼ n/2 + nL, where the pseudo effective
magnetic fields are larger and the pseudo Landau levels
are well defined. The orientation of the spin polarization
in these regions is coupled with the orientation of the
pseudo magnetic field in such a way that the global FM
7order is zero.
This local FM order results in a splitting of the orig-
inally degenerated Landau levels and the opening of an
energy gap at the Fermi energy, as can be observed in
Fig.7. The numerical results indicate that the originally
degenerated eight pseudo Landau levels split into two
sets of four degenerated pseudo Landau levels, being the
occupied states the centered in the region with positive
effective magnetic field and spin down that correspond
to wavefunctions with amplitude in sublattice A and the
centered in the region with negative effective magnetic
field and spin up that correspond to wavefunctions with
amplitude in sublattice B as schematically shown in Fig.
1 (a).
Superposed to the FM modulation there is an AFM
order that for small values of U , is much smaller than
the FM order, but that increases with U and for val-
ues near UAFC dominates over the FM order. For these
values of U , the self-consistent one-particle Hubbard in-
teraction term in the Hamiltonian is much stronger than
the term corresponding to the gauge magnetic fields, and
the pseudo Landau levels near zero energy are completely
washed out in the band structure, Fig.7. For these large
values of U , the relevant parameter is the ratio between
U and the tunneling, so that a spatial modulation of the
hopping reflects in a modulation of the AFM order. As it
is shown in Fig.6, for values of U ≥ UAFC the AFM order
parameter is larger in the regions with smaller hopping,
x ∼ 3L4 + nL and smaller in the regions with larger hop-
ping x ∼ L4 + nL.
V. SUMMARY
The two-dimensional geometry of graphene makes it
unstable against buckling and rippling. In this work we
have studied the electric and magnetic properties of rip-
pled graphene. Long wavelength ripples induce a mod-
ulation of the hopping parameters in the Hamiltonian
of graphene, that translates in the appearance of gauge
magnetic fields and pseudo Landau levels. By apply-
ing perturbation theory to the modified Dirac equation
we have characterized the eight, spin and valley degen-
erated, zero energy pseudo Landau levels that appears
in rippled graphene. For both Dirac cones and spin ori-
entation wavefunction in pseudo Landau levels in regions
with positive gauge magnetic field have amplitude only in
sublattice A whereas in regions with negative field have
weight only on the opposite sublattice B. The high de-
generacy at the Fermi energy makes the system prone to
interaction instabilities. We have solved self consistently
the Hubbard model applied to the tight-binding graphene
Hamiltonian and we have found that for moderate values
of the Hubbard interaction, the system becomes a gapped
quantum Hall local pseudo ferromagnetic state with pos-
itive spin polarization in regions with positive effective
magnetic field and with the opposite polarization in re-
gions with negative effective gauge field. On top of this
local FM order there is an antiferromagnetic order, that
increases as U increases and for values of the interaction
near UAFC the system becomes antiferromagnetic with a
local order parameter modulated by the amplitude of the
hopping. This local pseudo ferromagnetic state, is differ-
ent from the ground state that will appear in presence
of a real magnetic field, and in the mean field Hubbard
model is a Néel state.
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